Localized activation of the prodrug ifosfamide in or close to tumors by implanting encapsulated ifosfamide-activating cells is an efficacious strategy for tumor therapy. The aim of this study was to evaluate the feasibility of subsieve-size agarose capsules for enclosing the cells in this application. Compared with many conventional microcapsules, subsieve-size agarose capsules are about onetenth the size and have both higher mechanical stability and allow better molecular exchangeability than other systems. Cells that have been genetically modified to express cytochrome P450 2B1 enzyme were encapsulated in subsieve-size agarose capsules of f90 Mm in diameter and implanted into preformed tumors in nude mice. Living cells were detected for >1 month after encapsulation in vitro and showed enzymatic activity (i.e., they were able to activate ifosfamide). More significant regression of preformed tumors was observed in the recipients implanted with cell-enclosing capsules compared with those implanted with empty capsules. These results suggest that the strategy of using subsievesize agarose capsules enclosing cytochrome P 450 2B1-expressing cells is feasible for tumor therapy by chemotherapeutic targeting in combination with ifosfamide administration. [Mol Cancer Ther 2005;4(11):1786 -90] 
Introduction
The concept of cell transplantation after encapsulating in spherical-shaped vehicles was proposed to protect transplanted cells implanted for therapeutic treatments from attack by the host immune system without the need for the administration of immunosuppressive agents (1) . After the first successful report by Lim and Sun in 1980 (2) , an increasing number of investigations have focused their interest on the cell-encapsulating devices for the treatment of wide range of diseases, such as hormone deficiencies and neurodegenerative disorders (3) . One of the attractive applications is the use of such devices for tumor therapy. The effectiveness of this kind of strategy has been revealed in a phase I/II clinical trial (4, 5) as well as in animal experiments (6 -8) . The microcapsules of >500 Am in diameter have been traditionally applied to mammalian cell encapsulation (9) . As far as we know, except for the encapsulation technology developed by our group, all cellenclosing capsules with narrow distribution in size have had a diameter of >200 Am. This is probably due to the progress of mammalian cell encapsulation technology based on the techniques developed for enclosing pancreatic islets with diameters of 50 to 300 Am. Recently, we developed a novel process that is suitable for encapsulating single cells (10 -30 Am in diameter) and revealed that the process scarcely hindered the viability of mammalian cells (10, 11) . The resultant capsules have a diameter of <100 Am such that they are of subsieve size with a narrow size distribution. Such a reduction in capsule size results in an enhancement of both molecular exchangeability and mechanical stability (11) . Higher molecular exchangeability is attractive for a rapid release of therapeutic substances having a short half-life into body fluids surrounding the enclosed cells as well as enhancement of oxygenation and nutrient supply to the enclosed cells. In this study, we examined the feasibility of using subsieve-size agarose capsules for a localized chemotherapy by providing an alternative site of the activation of a prodrug, ifosfamide, which normally occurs in the liver, into or near tumors. Ifosfamide is a prodrug that is specifically metabolized into two major active compounds, phosphoramide mustard and acrolein, by cytochrome P450 2B1 (CYP2B1) in the liver (12) . Due to a very short half-life of the activated compounds in plasma (13) , ifosfamide has to be given in relatively high doses despite severe side effects associated with such doses, such as leukopenia with granulocytopenia. One approach for reducing the side effects without lowering response rates is establishing a second site of enzyme conversion near or in the tumor by bringing cells transfected to express CYP2B1 close to the tumor (6) . The effectiveness of this approach was revealed by placing the microcapsules enclosing the cells in the artery near the tumor using microcatheter in a clinical trial (4, 5) . Compared with the conventional microcapsules of several hundred micrometers in diameter, subsieve-size capsules may be instilled with a low risk of occlusion of blood vessels due to their approximately one-tenth in size as well as reducing the surgical trauma resulting from the reduction in size of the capsule injection device. In this study, we encapsulated the cells transfected to express CYP2B1 in subsieve-size agarose capsules. Agarose is a natural polysaccharide extracted from the cellular walls of agarophyte seaweed and exhibits temperature-sensitive water solubility. Agarose hydrogel has been widely studied for biomedical applications toward transplantation with cells, such as tissue scaffolds (14) and cell encapsulation vehicles due to a high biocompatibility (15) . As a first step, the viability and enzymatic function were evaluated in vitro. Subsequently, the CYP2B1 cells enclosed in the subsieve-size capsules were transplanted in nude mice with preformed tumors for evaluating the effect on tumor regression in combination with ifosfamide administration.
Materials and Methods

Materials
Agarose with a low gelling temperature (26 -30jC at 1.5%) was purchased from Cambrex Bio Science (Rockland, ME). Liquid paraffin was obtained form Kanto Kagaku (Tokyo, Japan). Lecithin from soybean was purchased form Wako (Osaka, Japan). Feline kidney cells engineered to produce the liver active enzyme CYP2B1 (6), an ifosfamideactivating cytochrome, were grown in DMEM (Sigma, St. Louis, MO) containing 10% fetal bovine serum, 400 mg/dL glucose, 75 mg/L penicillin, and 50 mg/L streptomycin. They were encapsulated in subsieve-size agarose capsules. The human tongue squamous carcinoma cell line SAS was used to establish tumors in nude mice. The cells were grown in RPMI 1640 containing the same quantities of fetal bovine serum, glucose, penicillin, and streptomycin with those in the medium for CYP2B1 cells. Both cells were cultured in a humidified atmosphere at 37jC with 5% CO 2 . Male nude mice (BALB/cA Jcl-nu, 8 weeks old) were used for a preformed tumor regression study using the CYP2B1 cells enclosed in subsieve-size agarose capsules.
Preparation of Capsules Cell-enclosing subsieve-size agarose capsules of 88 F 10 Am in diameter were prepared using the droplet generator reported previously (10, 11) . Briefly, 4 wt % agarose in Krebs-Ringer-HEPES buffer solution (37jC) containing CYP2B1 cells at 1.7 Â 10 7 /mL or 6.0 Â 10 7 /mL for in vitro and in vivo studies, respectively, were extruded into a coflowing immiscible stream of liquid paraffin containing 3 wt % lecithin from soybean from a stainless needle of 300 Am inner diameter and 480 Am outer diameter. The liquid paraffin kept at 37jC was allowed to flow in the same direction with the cell-suspending agarose solution. The resultant suspension was cooled at 4jC for 10 minutes for gelling the agarose solution. The gelled capsules were collected from the suspension using a mesh of 45 Am pore diameter. The collected capsules were washed with KrebsRinger-HEPES buffer solution to remove the liquid paraffin from their surface.
Metabolic Viability Determination Cellular viability of enclosed CYP2B1 cells was determined using a colorimetric assay kit (Cell Counting Kit-8, Dojindo, Kumamoto, Japan). The resultant absorbance at 450 nm is proportional to the number of intact mitochondria. Results were expressed as mean F SD for four replicates.
Cell Occupation Area Determination The percentage of cell occupation area in capsules was determined using image analysis software (Scion Image, Scion Co., Frederick, MD) for individual digital microphotograph containing >30 capsules. Results were expressed as mean F SD for four replicates.
CYP2B1 Function of Enclosed Cells
The expression of biologically active CYP2B1 in the cells enclosed in subsieve-size agarose capsules was determined using a biochemical assay, which is specific for the enzyme (16) . Briefly, cell-enclosing subsieve-size capsules were incubated in DMEM containing 2 Amol/L 3-methylcholanthrene and 10% fetal bovine serum for 36 hours. After washing several times with PBS, the capsules were suspended in serum-free DMEM containing 10 Amol/L 7-pentoxyresorufin (Sigma) and 10 Amol/L dicumarol (Sigma) at 2.7 Â 10 4 capsules/mL and then incubated in a 12-well dish for 30 minutes at 37jC. The quantity of produced resorufin in supernatant was measured with a fluorometer at 530 nm excitation and 590 nm emission. A standard curve was produced using different amount of purified resorufin (Sigma). Results were expressed as mean F SD for four replicates.
Treatment of Tumors
The human tumor cell line SAS was used for the establishment of preformed tumors in nude mice as a model for evaluating treatment with encapsulated cells followed by chemotherapy. Each mouse was injected 5 Â 10 6 SAS cells suspended in 0.5 mL saline s.c. into their left flanks using a 26-gauge syringe. Tumors were allowed to grow for 9 days and the greatest and least diameters of the tumors were measured for calculating their volumes using the following formula: volume = (mean diameter) 3 Â p / 6. Twenty animals with tumors of >350 mm 3 were divided into two groups consisting of 10 animals each. The recipients of one group received CYP2B1 cells enclosed in subsieve-size agarose capsules (containing a total of 4 Â 10 6 cells per recipient) and the recipients of the other group served as a control and were implanted the same number of empty subsieve-size capsules. The capsules were injected into each tumor after suspension in 0.5 mL saline using a 26-gauge syringe. Twelve hours after the implantation, ifosfamide dissolved in saline was injected into the peritoneal cavities of the animals at 100 mg/kg body weight. The injection was done every other day for the first 6 days and then every fourth day until day 24. 
Results
Metabolic Viability and CYP2B1 Activity of Enclosed Cells
To determine the viability of the enclosed cells in the subsieve-size capsules, the metabolic activity based on the activity of dehydrogenase enzymes within intact mitochondria in living cells was studied during 42 days of culture (Fig. 1) . The capsule-based viability increased over the first 7 days, and the value on day 7 was 2.9-fold larger than that on day 1. Despite the increase in metabolic activity, almost all the CYP2B1 cells enclosed in capsules maintained their initial configuration over the first 7 days of cultivation ( Fig. 2A and B) . Indeed, there was no significant difference between the cell occupation areas in capsules on day 1 (22.1 F 3.6% per capsule) and day 7 (22.4 F 6.8% per capsule; P = 0.95, ANOVA). Then, the capsule-based viability gradually decreased over the following culture period. The absorbance on day 42 of culture was below the detection limit. Over the cultivation period, the subsieve-size agarose capsules were not filled by enclosed cells (Fig. 2C) and successfully inhibited the escape of the enclosed cells from the capsules into the medium.
To determine whether the enclosed CYP2B1 cells maintain genetically expressed enzymatic activity, the expression of active CYP2B1 was studied on days 1 and 14 of cultivation. On day 14, the capsule-based quantity of resorufin production from 7-pentoxyresorufin per capsule was 3.6-fold higher than on day 1 (Fig. 3) . Compared with the cell viability -based quantities, the cells on day 14 had a 2.8-fold higher CYP2B1 enzymatic activity than those on day 1.
Preformed Tumor Regression after Implanting Capsules
To investigate the local CYP2B1 expression function of the CYP2B1 cells enclosed in agarose subsieve-size capsules on ifosfamide treatment of preformed tumors, time-course changes in volumes of the preformed tumors were measured for the two groups of the recipients: implanted cell-enclosing capsules (group 1) and empty capsules (group 2; Fig. 4) . A more significant reduction in tumor volume was observed in the mice that received the cell-enclosing subsieve-size capsules. On day 6, the tumor size of 7 of 10 mice was >80% of the size of those just before capsule implantation (>0.8V 0 ). In contrast, 1 mouse had a tumor of >0.8V 0 and 7 of 10 mice had tumors of <0.6V 0 in group 1 on day 6. The degree of tumor size reduction became more significant over the following treatment period. In group 1, tumors were not observed in 7 mice in appearance (Fig. 5) and tumors of <0.2V 0 were observed in 2 mice on day 26. In the control group, tumors disappeared in 3 mice in appearance and 
Discussion
This work was motivated by the need to develop a safer and more efficient cell delivery device placed in or near tumors using catheter as a novel supply source of antitumoral compounds converted from prodrug ifosfamide for cancer therapy. To accomplish this objective, we investigated the use of subsieve-size capsules that we developed recently (10, 11) . Recently, Lohr et al. (4, 5) revealed the clinical benefit of a localized chemotherapy using microencapsulated cells genetically engineered to express CYP2B1 for advanced pancreatic tumor in a phase I/II clinical trial with systemically given low-dose ifosfamide. They reported that there were no side effects from the chemotherapy in the patients and described that it is the strategy to maximize efficiency and minimize toxicity (17) . Smaller capsules may be better for this kind of approach because they are easier to administer. We showed previously that there is better molecular exchange between the enclosed cells and environmental fluids from subsieve-size capsule as well as better mechanical stability (11) . In addition, we revealed that the capsule generation process scarcely hindered the viability of enclosed mammalian cells as measured of immediately after encapsulation (10, 11) .
As a first stage in the following investigations, such as the studies using large animals and clinical trials, we evaluated genetically expressed enzymatic function and viability of the enclosed cells in the subsieve-size agarose capsules during cultivation. The measurement for enzymatic function revealed that the cells enclosed in the subsieve-size agarose capsules retained expression of the CYP2B1 enzyme (Fig. 3) . The cell viability -based productivity of resorufin by the active enzyme within enclosed cells on day 14 was 2.8-fold higher than those on day 1. It is interpreted as a result of an alteration of the enclosed cells in adapting to the new microenvironment. Such a change in secretion productivity of individual cells according to the surrounding microenvironment has been observed for both unenclosed cells (18) and enclosed cells in agarose microcapsules (19) .
Although the mechanism of decreasing viability from 7 days after encapsulation (Fig. 1) is still unclear, the tendency that the viability increases over the early cultivation period ) showed a tendency of the cells to lose viability in agarose subsieve-size capsules and this was independent on the size of the cell-enclosing capsule (i.e., it is not due to the reduction in capsule diameter to subsieve size). Despite increasing viability in the early cultivation period, almost all of the enclosed cells maintained their initial appearance and there was no significant difference in the cell occupation areas in capsules (Fig. 2) . This may be a consequence of limited space; thus, cell proliferation is only possible in the small spaces that were originally filled with individual cells at the actual time of agarose gelation. The growth profiles of the cells embedded in the gel are dependent on their origin (20, 21) ; however, the solid stress induced by the surrounding rigid agarose gel is a possible explanation of the unchanged configuration of the cells enclosed in agarose capsules prepared from 4% agarose solution over the cultivation period. Helmlinger et al. (22) reported that the clonal efficiency of the tumor cells enclosed in 1.8% agarose gel was only 5% despite that in a 1.0% gel it was >90%. In fact, we observed the formation of cell clusters and an improved viability of the cells enclosed in subsieve-size agarose capsules prepared from 2% agarose solution (data not shown). However, a large number of cells left from the capsules into the medium. Although decreasing the solid stress induced by the surrounding gel may prolong the therapeutic functional period of cell-enclosing capsules as a result of cell growth within them, escape of cells into the surrounding environment is not optimal, from a safety point of view. In the case of transplanting a proliferative cell line in vivo, suppressing an excess proliferation of enclosed cells is vital for avoiding the risk of tumorigenesis (23) .
The effect of local activation of ifosfamide using the CYP2B1 cells enclosed in agarose subsieve-size capsule on tumor regression was next investigated to examine the potency of the device for tumor therapy. The CYP2B1 cell used in this study were used previously to show feasibility of local chemotherapy of tumors with ifosfamide using cellulose sulfate microcapsules of f500 Am in diameter (6) . Based on these results, we investigated two groups of mice implanted with either empty or CYP2B1 cell-enclosing capsules. Our results indicate that the CYP2B1 cells enclosed in the subsieve-size agarose capsules successfully converted the ifosfamide to toxic metabolites at the site where they were instilled. The number of the recipient mice showing a significant reduction in tumor volume or tumor disappearance was 3-fold greater in the group that received the cellenclosing capsules than those receiving empty capsules. The tumor regression of the recipients in the latter group is due to endogenous conversion of ifosfamide by the liver (6) . Importantly, the feasibility of using subsieve-size agarose capsules enclosing the cells genetically modified to express the CYP2B1 was shown in this study.
